Abstract-The power supply based on current transformer (CT) is a good method to provide energy for online monitoring devices. In order to study the power output characteristics of CT power supply, a simulation model is built under Saber software. Find that the output power of CT first increases and then decreases with the increase of the filter capacitor voltage. There is a maximum point and the maximum power is independent of turn number when voltage drop of rectifier is ignored. When considering the voltage drop, the maximum power increases with the increase of turn number, but becomes saturated in the end. In order to improve the efficiency of the CT power supply and reduce current dead zone, the operating point should be near the maximum power output point. Take the minimum output power of 0.5W as an example, the turn number is selected and the corresponding circuit is designed. The correctness of the analysis is verified by experiments.
I. INTRODUCTION
With the development of smart grid, more and more online monitoring devices have been applied to grid monitoring. But because of the installation position and operating environment, to provide stable and reliable power supply is a technical problem. At present, the common methods used are solar cell [1] , CT (current transformer) [2, 3] and so on. But the output power of the solar cell can be influenced by the weather, and its size is large, installation is not convenient, battery life is short. The using of CT as the power supply has the characteristics of small size, convenient installation and large output power. As a result, it has a good application prospect and is widely concerned by scholars.
Because of the fluctuation of the line current, the CT power supply has the problems such as the iron core is easy to be saturated, the output power is small when the line current is small. In order to solve the problems, many scholars have done some research on it. For example, by adding air gap to suppress the magnetic saturation in the case of large line current [4] ; To suppress the iron core saturation by adding the auxiliary protection winding [5] ; Through the way of CT with battery, the battery is used as auxiliary power supply when the output power of CT is low [6] ; By using the nanocrystalline material which has high permeability as the core, to improve the output power in the case of small current and reduce the dead zone [7] . These studies have solved some of the problems.
However, in previous studies, the output characteristics of CT when is connected to the actual voltage conversion circuit are less studied. The general form of the voltage conversion circuit consists of rectifier, filter and DC-DC circuit. Due to the characteristics of the fixed output voltage of the DC-DC circuit, the output power is fixed when its output port is connected with a fixed load. The input current of DC-DC circuit will reduce due to the increase of the input voltage, or increase due to the decrease of the input voltage. And the output voltage and current of CT are no longer sinusoidal form. This is different from the characteristics of the CT directly connected to the resistive load. The output current and voltage have positive correlation when CT is directly connected with the resistive load. So it is necessary to discuss the output characteristics of CT when it is connected to the actual voltage conversion circuit. This paper will discuss the power output characteristics of the CT when it connects the rectifier, filter and the DC-DC circuit. Then give the turn number selection method and design corresponding circuit.
II. RELATIONSHIP BETWEEN OUTPUT POWER OF CT AND FILTER CAPACITOR VOLTAGE
When the CT is directly connected to the resistance load, the theory proves that there is a maximum power output point. When the core loss is neglected, the maximum output power is determined by the following formula [8] :
Where μ is magnetic permeability, S is core area, l is average length of magnetic path, f is current frequency, I 1 is line current (RMS).
It can be known from the formula (1) that the maximum power is only related to the primary side current, core material and size, but has nothing to do with the turn number. When the secondary side coil of CT is connected with the bridge rectifier and capacitor filter circuit, the output characteristics are different from that of the directly connected resistance load. In order to study the power output characteristics of this kind of situation, the model was built and the simulation was carried out under the Saber software.
The simulation circuit is shown in Figure I , use the nonlinear transformer model as the equivalent of CT, and its primary side coil is 1 turn and flows through a constant sinusoidal current.
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The core material is 3C8 (MnZn ferrite), the magnetic path length is 0.212m, the magnetic path area is 8.25cm
2 and the filter capacitance is 5000uF. When the circuit reaches to steady state, the filter capacitor voltage is stable, at this time, the output power of CT is equal to the power consumption of resistive load. The output power of the CT is obtained by calculating the power consumption of the resistor. Then the relationship between the output power of CT and the filter capacitor voltage is obtained by changing the load resistance. When the voltage drop of the rectifier is considered, the simulation results are shown in Figure III when the primary current is 5A RMS. In the figure, from left to right, the turn number is 100, 150, 200, 250, 300, 350, 400. As can be seen from the figure, the change trend of the output power is the same. But the output power is low when the turn number is low. The reason is that the output voltage of CT is lower when the turn number is less, the influence of the rectifier loss is larger, so the output power is low. With the increase of the turn number, the influence of the rectifier loss becomes smaller, and the output power is increased. But the output power does not increase infinitely with the increase of turn number. In the end, it is close to the case when the voltage drop of the rectifier is ignored in Figure II .
The relationship between the maximum output power of CT and turn number is shown in Figure IV . It can be known that the maximum output power of CT will increase with the increase of turn number due to the influence of the voltage drop of the rectifier. This phenomenon is more obvious when the line current is small and the output voltage of CT is low. When the line current is small, in order to make the CT output more power, the turn number should be optimized. The maximum output power increases with the increase of turn number, but the trend is slow. It is needed to choose a reasonable turn number, so that the maximum output power is close to the ideal value, while the turn numbers are not too many. 
III. POWER OUTPUT CHARACTERISTICS OF CT POWER SUPPLY
Considering the output power of CT increases first then decreases with the increase of filter capacitor voltage. For the same power output point, the output voltage may be different, such as point A and B in Figure V . The capacitor voltage of point A is low, and the output current of CT is high. On the contrary, the capacitor voltage of point B is high, and the output current of CT is low. But it can be known by analyzing that point A is unstable, point B is stable. For fixed power consumption, when the voltage of point B appears small fluctuations, the working point will return to B. For example, if the voltage drops a little, the output power of CT will increase, then the voltage will rise to point B, or if the voltage increases a little, the output power of CT will decrease, then the voltage will decrease to point B. However, point A is on the contrary, when the voltage of point A appears small fluctuations, the working point will deviate from the point A. The voltage will possibly drop to a lower value, or increase to point B. Then it can be known that the area I in Figure V is an unstable area, and the area II is a stable area.
When the CT power supply is working properly, it should be in the area II. At this time the whole circuit is in an automatic power balance state. With the load power consumption fluctuations, the balance point moves on the voltage power curve. When the load power consumption is reduced, the balance point moves to the right (voltage increasing direction), until it reaches a new balance of power. When the load power consumption increases, the balance point moves to the left (voltage drop direction). Before reaching the maximum power output point, the circuit is able to maintain the balance. When the maximum power output point is still unable to maintain the balance of power, it shows that the line current cannot maintain the power consumption of the load at this time. After crossing the maximum power point, the circuit is no longer balanced. With the decrease of the output power of CT, the filter capacitor voltage drops rapidly. When the voltage is lower than the minimum input voltage required by the DC-DC circuit, the DC-DC circuit does not work properly. It loses the voltage regulating ability, and its output voltage decreases. At this time the output power of the DC-DC circuit (or load power consumption) decreases too, and in the end, the filter capacitor voltage is stable at a lower value (below the minimum input voltage of the DC-DC circuit). 
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IV. CT POWER SUPPLY DESIGN
A. CT Turn Number Determination
In order to reduce the current dead zone of CT, the CT should output power as more as possible when the line current is small. Considering the effect of magnetic permeability and saturated flux density on the output power of CT, in this paper, select the silicon steel as the core material. Take the temperature monitoring device as an example, its normal working power is generally not more than 0.5W. This paper chose the ring type core and its size is 40×95×30mm (inner diameter, outer diameter, height). The design goal is that the output power is more than 0.5W, and at this time, the line current is as small as possible. In order to determine the reasonable turn number, the model of the CT is established under the Saber software with its MCT (Magnetic Component Tool). The magnetization curve of the core is described by Jiles-Atherton model [9] .
As the maximum power output point is the critical stable point, in fact, the circuit cannot be stable for a long time at the maximum power output point. Taking into account the conversion efficiency of the actual circuit and the power consumption of the circuit itself, the simulation results should be kept in a certain margin. When the target output power is 0.5W, the simulation results should be larger than it. The simulation results when the line current is 10A RMS are shown in Figure VI , Its maximum power is more than 1W. The curves from left to right, the turn number is 60, 80, 100, 120, 160, 200.
From the figure we can know that, with the increase of turn number, the maximum output power of CT changes small. This is because the silicon steel core has high permeability, the output voltage of CT is high. Due to the limitation of the maximum input voltage of the DC-DC circuit, in this design, the maximum input voltage is 40V. The turn number needs to meet the condition that the filter capacitor voltage corresponding to maximum power point is less than 40V. In order to make the CT work properly when the line current reaches to 1000A, the turn number of CT cannot be too small. Otherwise, the discharge of secondary side coil will flow through a large current, which will lead to serious heating of the rectifier and MOSFET. According to Figure VI , select 120 turns. When the line current is less than 10A, the CT can reach to the maximum power output point. At the same time, when the line current reaches to 1000A, the output current of the secondary side is about 8.3A, which is in the range of the circuit. 
B. Design of Hardware Circuit
Based on the analysis above, the circuit is designed as shown in Figure VII . In this circuit, in addition to including the main rectifier filter and BUCK form DC-DC circuit, but also includes two parts of the control circuit: overvoltage protection circuit and DC-DC start control circuit. The role of DC-DC start control circuit is to make the power supply directly across the area I and works in area II (reasons see below). Through the control of hysteresis comparator composed by amplifier Amp2, at the rising stage of the voltage of the capacitor C1, control the DC-DC circuit in off state. At this time, the DC-DC circuit does not output voltage, and its own standby current is very small, the output current of CT will quickly charge C1 to a high voltage(higher than the voltage corresponding to maximum power point). At this time, start the DC-DC circuit and then the circuit will automatically reach to the power balance, and the working point can reach to the maximum power point. When the power is no longer balanced and the voltage of capacitor C1 drops to the voltage under the minimum input voltage of DC-DC circuit, switch the DC-DC circuit off. This can avoid outputting voltage to the load below its rated value, so as not to cause abnormal operation of the device.
In the circuit, operational amplifier Amp1 is used for overvoltage protection. When the line current is large or the power consumption is relatively small, in order to prevent the voltage of C1 from exceeding limit and damage the circuit, and also prevent the magnetic saturation of the iron core, turn on Q1 to discharge the output current of CT. The power supply of amplifier and other devices is provided by capacitor C1 through voltage regulator LM317. The DC-DC circuit is composed of LM2596, and its operating voltage is 4.5-40V. It can be turn on or off by controlling the voltage of pin 5.
V. EXPERIMENTAL RESULTS
Use the CT designed above, the DC-DC circuit fixed output 5V.The minimum required line current is measured when the circuit can output 0.5W and 1W power under different turns. The results are shown in Table I . It can be seen from the table that the minimum required current is very close when the turn number is less than 120. Considering the experimental error and the conversion efficiency of DC-DC circuit, it can be seen that the maximum output power of CT is independent of the turn number. When the turn number is more than 160, due to the voltage limit of the DC-DC circuit, the CT cannot work at the maximum power output point, the required line current is larger. Thus, the selection of 120 turns is reasonable. In order to verify the effect of the DC-DC start control circuit, first test the result when this part circuit is not added. The DC-DC circuit works when there is an input voltage. The output voltage of DC-DC circuit is 5V and the load is 50Ω. It is equivalent to a constant power (0.5W) load when it is working.
The measured waveform is shown in Figure VIII (a) when the primary side current is 10A RMS. It can be seen that the filter capacitor voltage is lower than the minimum input voltage of DC-DC circuit, the DC-DC circuit cannot output the normal voltage, and has no voltage regulating ability. When the voltage of the filter capacitor increases small, the power consumption of the load increases too, then the voltage is pulled down, and finally the voltage is stabilized at a low value. As the filter capacitor voltage is low, the output power of CT is small, the circuit is not able to cross the maximum power point and achieves a new balance of power. When the primary side current increases to 16A RMS, the voltage on the filter capacitor can rise to high enough to meet the power requirements of the load, as shown in Figure VIII 
